The differential scanning calorimetry method (DSC) was used to examine the miscibility in the {dipropylene glycol propyl ether (DPnP) + water} system. Based on recorded curves of differential heat flow on temperature, HF = ( ), the range (composition, temperature) of the occurrence of miscibility gap, the values of lower critical solution temperature (LCST), and critical concentration were determined. On the basis of the experimentally determined specific heat capacity data the partial molar heat capacities ( ,2 ) of DPnP in the mixtures with water were calculated. Analyzing changes in the course of ,2 = ( 2 ) function, the boundary of transition from a homogeneous solution was determined, in which the monomers of amphiphile dominate, to the region, in which aggregates of the cluster type appear.
Introduction
Monoalkyl ethers of polyoxyalkylene glycols with general formula C H 2 +1 [OR] OH (where n is number of carbon atoms in hydrocarbon chain of hydrophobic tail and m is number of oxyethylene or oxypropylene groups in hydrophilic head) consist a group of nonionic surfactants that exhibit growing importance during the last decades. The generally accepted abbreviations for these amphiphiles are C n E m and C n P m , respectively. On account of their specific properties, these compounds have found a wide use in many fields of life. They were also the subject of numerous experimental investigations. Our previous studies [1] devoted to the derivatives of polyoxyethylene glycols have shown that their molecules in aqueous solution undergo aggregation. Depending on the concentration, temperature, and the alkyl chain length in the nonpolar tail of C n E m , these compounds show different susceptibility to miscibility with water and different values of LCST (lower critical solution temperature) [2] [3] [4] [5] . In the 80s of the 20th century, the first reports on the high toxicity of polyoxyethylene amphiphiles (C n E m ) were published. From these reports it followed that the substance tested, used first of all as solvents, exerted an adverse effect on the health and life of men and animals. It has been found that the metabolism process of amphiphiles C n E m results in the formation of aldehyde and alkoxyacetic acid that can penetrate the cell nucleus causing changes in the genome structure. Therefore C n E m have been included in the list of chemically hazardous substances and up to the end of the 20th century they have been largely replaced with the derivatives of polyoxypropylene glycols (C n P m ), called Dowanol. These are safer for health as their metabolism results in the formation of carbon dioxide that is expelled by lungs. Compared to the polyoxyethylene glycol ethers, these compounds are characterized by a lower inflammability and explosion capability. Owing to the fact that they show a low surface tension and have a great capability to solve hydrophilic and lipophilic compounds, polyoxypropylene glycol ethers are used in various branches of industry such as chemical, cosmetic, pharmaceutical, food, or textile industry. However, despite the growing application importance of Dowanol, there is a lack of fundamental experimental data concerning their thermochemical properties. The amount of experimental data describing phase equilibria in aqueous solutions of the group of C n P m compounds is also limited [6] [7] [8] [9] [10] . The above reasons influenced us to undertake the studies of these compounds. The aim of this study is to use differential scanning calorimetry (DSC) to obtain information about the 2 Journal of Chemistry miscibility of dipropylene glycol propyl ether (C 3 P 2 or DPnP) in aqueous solution. The molecules of polyoxyalkylene glycol ethers undergo association in aqueous solutions, which can result in microimmiscibility of system [1, [11] [12] [13] [14] . Both of this phenomenon and phase separation in the system, that is, the determination of the range (temperature/composition) of the occurrence of the system miscibility {DPnP + water}, constitute the object of these studies. 3 . The details of apparatus and measuring procedure are described elsewhere [15] . The uncertainty of specific heat capacity measurement amounts to about ±0. 2%, excluding the effects of the sample impurities. In order to provide homogeneity at lower temperature than LCST, the solutions were cooled to a temperature about 278 K and placed into a cooled measurement cell and then transferred to a calorimetric block at a temperature of 273.15 K.
Experiment
To determine the critical miscibility temperature, DSC measurements were performed at a scanning rate of R = 0. studied mixtures contained from about 5 to about 85 mass% DPnP. The trace of typical curve recorded during sample heating is shown in Figure 1 .
The heat flow of sample at the temperature, at which the phase separation occurs, suddenly decreases, which is connected with the appearance of endothermic heat effect and a jump-vise increase in the heat capacity of the twophase system in relation to the one-phase system at the same temperature. The temperature of phase separation was determined as the so-called onset point. The onset point is an intersection point of tangent drawn where the curve has the highest slop and the extrapolated baseline. Figure 1 shows an example of the HF = f(T) dependence for the solution, in which the mass fraction of amphiphile 2 ≈ 0.156. The determined temperature of extrapolated peak beginning amounts to 301.85 K.
For each of the {DPnP + water} mixtures showing a limited miscibility within the investigated temperature range, the transition temperature between the single-phase and twophase solution was determined. The results obtained are listed in Table 1 .
The phase diagram drawn on the basis of the experimental data is presented in Figure 2 .
The determined value of LCST for {DPnP + water} system amounts to 287.03 K for a solution with the critical mass fraction w c = 0.468. It is worth mentioning here that the DSC method used in this work, compared to phase equilibrium methods, allows relatively quick, precise, and little laborconsuming determination of these values. Additionally, its use makes it possible to determine the course of function 2 = ( ) for compositions close to w c , for which, for example, the phase volume method is insufficiently effective.
The data obtained by us are well consistent with appropriate literature data obtained by other methods. Investigating the clouding phenomenon of aqueous mixtures of DPnP by turbidity methods, Bauduin et al. [9] obtained the values of LCST amounting to 286.95 K. Estimated from the function = ( 2 ) presented in their paper, the critical mass fraction amounts to w c = 0.45 ± 0.05. Recently Lin et al. [10] , using the phase volume method, determined the value of LCST as 286.59 K and w c = 0.486. Also the value of DPnP solubility in water at 298.15 K (17.1 mass %) reported by Bauduin et al. [9] is similar to that obtained by us (18.0 mass %). The presented above literature data concerning miscibility in the system {DPnP + water} are also given in the diagram (Figure 2 ). In the group of simple polypropylene glycol monoethers, the extension of molecule by an additional oxypropylene group causes a decrease in the molecule hydrophilicity. This causes a decrease in the value of LCST widening the concentration range of miscibility gap [9] . Therefore the highest value of LCST is shown by propylene glycol propyl ether (305.05 K) for dipropylene glycol propyl ether LCST = 286.95 K, and for tripropylene glycol propyl ether this value only amounts to 278.55 K.
Specific Heat Capacity ( ) of {DPnP + Water} System.
Heat capacity under a constant pressure is one of the basic thermodynamic quantities used among others in chemical engineering. The analysis of its changes caused by temperature and the solution composition gives many valuable pieces of information about structural changes occurring in aqueous solutions. The character of the experimental curve = ( ) obtained depends on the mixture composition, similarly as it was observed in the systems examined by us earlier. A typical course of this dependence for the completely miscible solution and solution with miscibility gap is presented in Figure 3 .
The specific heat capacities of mixtures determined within the examined temperature range (only for one-phase systems) are described by the polynomial:
where ( ) is specific heat capacity of solution at temperature ; are constants. The selection of the polynomial degree ( ) depends of the shape of the experimental curve obtained for the mixture with a defined composition. The interpolated values of specific heat capacity at ten selected temperatures are given in Table 2 (no data, miscibility gap). A typical course of the dependence = ( 2 ) within the whole examined composition range at 283.15 K is shown in Figure 4 temperature range due to the occurrence of miscibility gap at about 287 K. These curves have similar shape characterized by a maximum in the water-rich range and sharp decrease of the function beyond the maximum. The negative slope of = ( 2 ) becomes smaller along with the increase of the amphiphile content. The dependence of the specific heat capacity on the investigated composition for low concentrations of amphiphile at several temperatures is shown in Figure 5 .
The increase in temperature makes the maximum of the = ( 2 ) function higher. No change in the position of this extremum with temperature was observed probably due to the relatively narrow temperature range available for these measurements. Our previous studies [1] in the position of the maximum mentioned above can be observed only for a wider examined temperature range. The occurrence of the maximum of function = ( 2 ) is probably connected with structural changes occurring in solution due to a change in its composition and temperature, especially with the formation of greater aggregates or micelles [1] .
Partial Molar Heat Capacity of {DPnP + Water} System.
A sensitive indicator of structural changes in the system is the behavior of the third derivative of Gibbs free enthalpy in relation to composition, pressure, and/or temperature. Journal of Chemistry
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Particularly the observation of changes in the partial molar heat capacity of solute ( ,2 ) that is the third derivative of Gibbs energy in relation to composition and temperature
makes it possible to observe changes occurring in the mixture.
The appearance of extrema in the curves of ,2 = ( 2 ) describing the aqueous solutions of amphiphile can indicate the existence of association processes that result in the formation of molecular aggregates with higher thermodynamic stability in solution.
The studies on aqueous solutions of polyoxyethylene glycol ethers have shown that in this type of systems the function ,2 = ( 2 ) exhibits the maximum in the waterrich region [1] . It is a symptom of the formation of molecular aggregates leading to the appearance of microheterogeneity in the system. Analyzing the position of the maximum (composition, temperature) in micellar solution, this makes it possible to determine a boundary between the area where monomers dominate and the region connected with the appearance of aggregates, for example, micellar or pseudomicellar aggregates. Previous studies concerning the aqueous solutions of C n E m [1] indicated that the values of critical micelle concentration (CMC) derived from various experimental methods are well located at the borderline obtained by the analysis of the function under discussion. It means that the above conclusion in relation to ether derivatives of polyoxyethylene glycols has found its confirmation in the results obtained by other methods.
On the basis of the specific heat capacity data determined experimentally, the apparent ( Φ,2 ) and partial molar heat capacities ( ,2 ) of DPnP in the mixtures with water were calculated according to the following formulas:
where 2 (g mol −1 ) is the DPnP molecular mass; 2 (mol kg −1 ) is the molality; and * ,1 (J g −1 K −1 ) are the specific heat capacity of solution and pure water, respectively. The dependence of the partial molar heat capacity of DPnP in aqueous solutions up to x 2 = 0.5 at 273.15 K and within the range of diluted mixtures at 273.15-293.15 K is shown in Figure 6 .
As is seen, the addition of a small amount of Dowanol, DPnP ( 2 < 0.015), to water causes a slight decrease in its partial molar heat capacity and then increases until the maximum is reached. Its intensity increases with increasing temperature. In the {DPnP + water} system, the light and neutron diffraction studies did not confirm the hypothesis about the existence of micelles in it [9] . A significant hindrance in the process of micellar aggregation can be the brunching of oxypropylene chain. Owing to its structure, the hydrophobic surface of oxypropylene group becomes smaller and simultaneously it constitutes an important hindrance in the H-bond interactions between ether oxygen atom and the hydrogen atoms of water molecules or the hydroxyl proton of other Dowanol molecules. Therefore, the presence of extrema in the course of function ,2 = ( 2 ) should be related to the aggregation of Dowanol molecules in water. However, as a result of this, micelles probably are not formed but rather aggregates of the cluster type are created, whose size and quantitative composition cannot be defined at the present time. Based on the course of function ,2 = ( 2 ) at the given temperature, we determined the composition of solution corresponding to its maximum. The compositions obtained are plotted in the graph shown in Figure 7 .
Summarizing, as the result of our studies, we obtained a phase diagram, in which one can observe the following:
(1) the boundary (composition, temperature) between one-phase and two-phase solutions;
(2) the area of homogeneous solution where the amphiphile monomers dominate;
(3) the region where one observes the greater aggregates (clusters), whose presence affects the change in the heat capacity of the system under investigation.
In order to determine the factors that influence the behavior of such systems further investigations on solutions containing Dowanol with different number of oxypropylene groups as well as different length of hydrocarbon chain are necessary. The appropriate studies are underway at the moment.
